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resultant  surge  elevation  on  open  coast,  including  coirponerrt 
due  to  atmospheric  pressure  reduction  from  normal  (feet) 

resultant  surge  elevation  within  Chesapeake  Bay  (feet) 

response  factor 

period  of  free  wave  across  the  Continental  Shelf  T  *  B/S" 
(hours) 

t^  *  time 

wind  speed  (miles  per  hour) 
root  mean  square  wind  speed 

mean  velocity  through  entrance  of  Chesapeake  Bay  v  *  Q/A  (feet 
per  second) 

volume  of  water  (ft,  )  above  mean  water  level 

V-  a  volume  of  water  above  mean  water  level  for  sections 

■^of  Chesapeake  Bay  as  shown  on  Figure  1 

sum  of  V  for  all  ten  sections 

maximum  wind  speed  (miles  per  hour) 

cosh  0  function  in  cubic  equation 

increment  of  fetch  length 

atmospheric  pressure  reduction  from  normal  (inches  of  mercury) 
tg  “  t^,  increment  of  time 
increment  of  wind  set-up 
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HURRICANE  SURGE  PREDICTIONS  FOR  CHESAPEAKE  BAY 

by 

Charles  L,  Bretschneider 
Research  Division,  Beach  Erosion  Board 


I-INTRODUCTION 

This  report  presents  a  coinprehensive  investigation  of*  hurricane 
surge  probleTTis  for  the  Chesapeake  Bay  area.  Methods  and  techniques 
are  presented,  and  are  calibrated  with  available  surge  data,  so  that 
the  coirputational  procedures  result  in  reasonable  estimates  of*  maximum 
hurricane  surge  for  design  purposes*  It  is. believed  that  the  final  re¬ 
sults  given  in  this  report  can  only  be  refined  by  use  of  additional 
hurricane  surge  data,  suitable  for  furthering  the  present  investiga¬ 
tion,  Such  additional  hurricane  surge  data  are  not  available  at  present, 
but  might  become  available  from  future  hurricanes  affecting  the  Chesa¬ 
peake  Bay  area*  In  addition  theoretical  studies,  the  formulas  and 
techniques  of  which  must  also  be  calibrated,  performed  in  the  future, 
might  tend  to  refine  the  surge  results  presented  in  this  report* 

.  The  steps  involved  in  the  solution  of  ariy  hurricane  surge  problem 
will  differ  from  one  situation  to  the  next*  One  set  of  rules  applicable 
to  a  certain  area  of  interest  may  not  necessarily  be  suitable  for  some 
other  area,  A  classification  of  the  problem,  such  as  given  by 
Bretschneider  (l)*  should  be  the  first  step  in  the  solution  of  any 
hurricane  surge  problem*  The  problem  for  the  Chesapeake  Bay  area  over¬ 
laps  a  number  of  the  classes  outlined  in  reference  1* 

Briefly,  the  problem  consists  of :  reviewing  data  on  all  past 
hurricanes  which  affected  the  Chesapeake  Bay  area;  establishing  and^ 
calibrating  formulas  and  techniques  using  data  from  the  past  hurricanes; 
and  applying  the  formulas  and  techniques  to  hypothetical  hurricanes. 

The  process  entails  computing  the  surge  on  the  open  coast,  routing  this 
primary  surge  through  the  entrance  to  Chesapeake  Bay,  up  the  bay  to 
various  river  mouths,  then  up  those  rivers  to  sites  of  interest.  Allow¬ 
ance  must  be  made  for  convergence  and  friction  along  the  river  channels, 
and  modifications  of  the  primary  surge  due  to  additional  wind  stress  on 
the  surface  of  the  primary  surge.  For  computational  purposes  Chesapeake-- 
Bay  was  divided  into  ten  sections  between  Norfolk  and  Baltimore,  as 
illustrated  in  Figure  1, 

Details  of  the  procedures  are  discussed  in  Section  II  of  this  re¬ 
port,  Section  III  discusses  the  hurricane  surge  in  regard  to  the 


■K-  Numbers  in  parentheses  indicate  references  on  page  50 


FIGURE  I.  MAP  OF  CHESAPEAKE  BAY  AREA. 
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gtntrsl  art§  of  @htiapiak@  Bay*  B^otion  disouiit§  sp^oisl  pPidiofeioRi 
for  tSue  If^arfioilk,  W&BMngtoeD,,  and  SaJltiitiiore  areas,,  and  SfetliitS!®  V  aymari- 
2es  tiloe  results  of  tfloe  oonsputations* 

BtefferefflS©  iss  niffide  to  a  similar  report  on  ffixmriogEUSO  Sur^  f<or  the 
Dfi^awere  Baiy  area^  sifiice  tilne  two  reports,,  D6[3.aw®re  Bay  and  C^^apea^ 

Bay,  have  much  in  oomon  ((see  refertno©  6).* 
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II-PROCEDURE 


General,  The  procedure  used  in  this  report  consists  of  the  follow¬ 
ing  steps: 

a,  A  review  of  all  past  hurricanes  for  which  data 
are  available  and  which  had  significant  effect 
on  the  Chesapeake  Bay  area, 

b,  A  selection  of  a  hurricane  from  the  above  review, 
which  might  have  possessed  critical  conditions 
for  producing  its  maximum  surge  within  Chesa¬ 
peake  Bay,  Such  a  hurricane  might  then  be  used 
as  a  model  hurricane  for  calibration  purposes, 
for  predicting  surge  heights  for  a  standard  pro¬ 
ject  or  design  hurricane, 

c,  A  series  of  hydraulic  computations  for  the  entrance 
to  Chesapeake  Bay  to  determine  the  amount  of  surge 
which  might  pass  through  the  entrance  from  the  open 
ocean. 

d,  Determination  of  surge  on  open  coast  coincident  with 
that  within  Chesapeake  Bay. 

e,  A  selection  of  prediction  curves  for  obtaining  surge 
elevations  for  a  standard  project  or  design  hurricane. 

Past  Hurricanes,  Detailed  studies  of  past  hurricanes  affecting 
Chesapeake  Bay  have  been  made  by  the  U,  S,  Weather  Bureau,  These  studies 
are  given  in  HUR  Memorandums  numbered  7-lti,  7-18,  7-19 >  and  7-32, 
Additional  wind  and  tide  data  obtained  with  the  aid  of  other  governmental 
agencies  and  local  interests  are  available  from  the  files  of  various  U,  S, 
Army  Engineer  Districts, 

Of  all  the  past  hurricanes  affecting  the  Chesapeake  Bay,  only  four 
are  sufficiently  documented  for  this  particular  study.  The  dates  of 
these  hurricanes  are: 

a,  August  22  -  2k,  1933 

b,  August  11  -  13,  1933  (Connie) 

c,  August  13  -  18,  1933  (Diane) 

d,  October  lli  -  17,  193Ii  (Hazel) 
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The  above  hurricanes  do  not  necessarily  represent  the  most  severe  one 
which  might  have  occurred  over  Chesapeake  Bay  during  past  history,  and 
certainly  do  not  represent  the  most  severe  which  could  occur  in  the 
future,  A  brief  summary  of  pertinent  data  for  these  four  hurricanes 
is  given  in  Table  I,  but  greater  details  are  available  in  appropriate 
HUR  Memorandums,  Figures  2  through  5  represent  the  surge  hydrographs 
for  these  hurricanes.  The  predicted  astronomical  tide  elevations  have 
been  eliminated  leaving  only  that  component  of  water  level  rise  due  to 
the  hurricane  influence,  wind  stress  and  atmospheric  pressure  reduction. 
Each  of  these  four  hurricanes  is  discussed  below, 

a.  Hurricane  of  August  22  -  2I4,  1933  (Figure  2),  Of  the  four 
storms,  the  August  1933  hurricane  is  ranked  the  third  most  intense  in 
regard  to  maximum  winds  and  central  pressure  anomaly  over  the  open  ocean, 
the  second  most  intense  in  regard  to  maximum  winds  over  Chesapeake  Bay, 
and  the  most  intense  in  regard  to  maximum  surge  within  Chesapeake  Bay. 

The  storm  center  travelled  15)  the  west  side  of  Chesapeake  Bay,  The  surge 
hydrographs  are  relatively  smooth,  because  the  hurricane  moved  up  the  bay 
at  a  speed  very  nearly  equal  to  that  of  a  free  wave  travelling  up  the  bay. 
This  hurricane  moved  at  a  near  critical  speed  for  producing  its  maximum 
surge.  If  the  hurricane  had  moved  more  rapidly,  it  would  have  moved  over 
the  primary  surge  and  regenerated  a  secondary  surge  ahead  of  the  primary 
surge.  The  result  would  have  been  a  surge  with  two  peaks,  neither  of 
which  would  have  been  as  great  as  the  actual  condition, 

b.  Hurricane  of  August  11  -  13,  1955  (Figure  3)*  This  hurricane 
was  of  greater  intensity  over  the  open  ocean  than  was  the  August  1933 
storm.  The  storm  center  traversed  the  east  side  of  Chesapeake  Bay, 

Within  the  bay,  the  maximum  winds  were  somewhat  less  than  those  of  the 
August  1933  stom.  This  storm  moved  more  slowly  than  the  August  1933 
storm.  Since  its  speed  was  also  less  than  that  of  the  free  wave  and  as 
it  moved  up  the  east  side  of  the  bay,  a  double  peak  in  the  surge  hydro¬ 
graph  resulted.  The  first  peak  is  due' to  cross  winds  adding  to  free 
surge  ahead  of  the  hurricane's  center.  The  second  peak  represents  a  re¬ 
surgence  effect.  If  the  center  of  this  hurricane  had  moved  up  the  west 
side  of  Chesapeake  Bay,  the  winds  might  have  been  more  favorable  to  pro¬ 
ducing  a  greater  surge  than  existed  during  the  August  1933  hurricane,  and 
in  this  case  a  smoother  hydrograph  would  have  been  e3q:>ected, 

c.  Hurricane  of  August  15  -  I8,  1955  (Figure  U)»  The  center  of  this 
hurricane  passed  about  100  miles  west  of  Chesapeake  Bay,  The  surge  from 
the  open  ocean  was  not  a  maximum  at  the  entrance  to  Chesapeake  Bayj  and 
the  winds  up  the  bay  were  not  as  strong  as  for  the  other  three  storms 
under  discussion.  As  a  result,  the  surge  elevations  were  less.  The  storm 
moved  at  a  speed  slightly  less  than  that  of  the  free  wave,  and  the  hydro- 
graphs  show  only  minor  second  peaks. 
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TABLE  I 

BRIEF  DESCRIPTION  OF  POUR  PERTINENT  HURRICANES 
(See  HUR  T-lU,  -10,  -19,  -32  for  additional  infornation) 


Figure  Nnirft»r 

References 

2 

HUR  7-lU 

3 

HUR  7-19 

HUR  7-19 

5 

HUR  7-10 

Dates 

Aug,  22- 2U 
1933 

Aug,  11-13 
1955 

Connie 

Aug.  15-18 

1955 

Diane 

Get,  llj-17 
195U 
Hazel 

Path  of  Storm  Center 

Just  West 
of  Chesa¬ 
peake  Bay 
vestsids 

Just  Vest 
of  Chesa¬ 
peake  Bay 
eastsids 

About  100 
miles  vest 
of  Chesa¬ 
peake  Bay 
westsids 

About  100 
miles  vest 
of  Chesa¬ 
peake  Bay- 
vest  side 

Radius  of  Maximum  wind, 

R,  N»  Miles 

5U 

hS 

hS 

36 

Central  Pressure  Ano¬ 
maly  AP,  inches  of 
Mercury 

0,8^ 

1.37 

0.71 

1.66 

Forward  ^eed  Over 

Ooeai^  Knots 

23 

12 

21 

55 

Forward  Speed  Over 
Chesapeake  Bay,  Knots 

13 

10 

12 

36 

Maximum  Wind  Speed  Over 
Ocean»MPH 

61 

72 

5U 

92 

Maximum  Wind  Speed  Over 
Chesapeake  Bay,  MPH 

50 

U5 

35 

1 

70 

MAXIMUM  HURRICANE  SURGE 
ABOVE  PREDICTED  ASTRONO¬ 
MICAL  TIDE  IN  FEET  AT 
STATIONS  LISTED 

Hampton  Roads,  Va. 

6.6 

UoU 

0.6 

1.8 

Gloucester  Point,  Va, 

U.5 

2.3 

2,9 

Solonons  Island,  Md, 

U.2 

2,2 

2.8 

Annapolis,  Md, 

5*8 

a.9 

3.2 

U.2 

Baltimore,  Md, 

7.2 

5.2 

3.7 

U.B 

6 


Height  of  surge  in  feet 


FIGURE  2.  HURRICANE  SURGE  OF  AUGUST  22-24,  1933 


1200  2400  1200  2400  1200  2400 

Aug.  1 1  Aug.  12  Aug.  19 


Date  and  time 

FIGURE  3,  HURRICANE  SURGE  OF  AUGUST  11-13,  1955 

(  CONNIE) 


Height  of  surQS  in  feet  Height  of  surge  in  feet 


Dote  and  time 


FIGURE  4,  HURRICANE  SURGE  OF  AUGUST  16-18  1955 

(  DIANE  ) 


Dote  ond  time 

FIGURE  5.  HURRICANE  SURGE  OF  OCTOBER  14-16,  1954 

(HAZEL) 
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d.  Hurricane  of  October  lU  -  17.  1951;  (Figure  5).  The  center  of 
this  hurricane  passed  about  100  miles  west  of  Chesapeake  Bay  as  did  the 
August  l5  -  18,  19^5  hurricane,  but  its  path  was  more  curved.  The  winds 
up  Chesapeake  Bay  were  much  greater  during  the  Oc^b^r  19^U  hurricane 
than  during  any  of  the  other  three  hurricanes  ^eing  70  mph  for  the  former, 
but  only  35  mph  for  the  August  l5  -  18,  19 55 ■'hurricane.  However,  there 
was  no  great  difference  in  the  maximum  surges  generated  by  these  storrtis. 

The  reason  for  the  above  condition  is  that  the  October  19 5U  hurricane  had 
a  forward  speed  of  36  knots,  three  times  that  for  the  other  "stonns.  As  a 
result,  the  storm  moved  ahead  of  the  primary  surge,  regenerating  additional 
secondary  surges.  If  this  storm  had  moved  more  slowly  and  yet  retained 
the  same  wind  field  over  the  bay,  the  highest  surge  elevations  bn  record 
might  have  been  experienced.  However,  if  the  storm  had  moved  more  slowly, 
the  winds  would  have  diminished  because  of  the  longer  period  of  time  the 
hurricane  would  have  been  over  land.  Also,  the  center  of  the  storm  was 
too  far  westward. 

Selection  of  Model  Hurricane.  The  hurricane  of  August  22  -  2k,  1933 
was  selected  as  the  one  which  appeared  most  usable  as  a  model  hurricane 
for  calibration  purposes.  This  hurricane  was  not'  associated  with  the 
strongest  winds  over  Chesapeake  Bay,  but  was  associated  with  the  highest 
surge  elevations  for  which  surge  data  and  hydrographs  are  available. 

The  fact  that  this  hurricane  followed  very  nearly  a  critical  path  and 
travelled  very  nearly  at  a  critical  speed  makes  this  hurricane  suitable 
as  a  model.  In  Figure  6  isolines  of  surge  height  were  constructed  from 
the  hydrographs  in  Figure  2.  Interpolations  between  Hampton  Roads  and 
Annapolis,  and  between  Annapolis  and  Baltimore  are  based  on  available 
high  water  data.  Figure  7,  showing  surge  profiles  along  Chesapeake  Bay, 
was  prepared  from  cross  plots  of  Figure  6.  Section  numbers  correspond 
to  those  shown  in  Figure  1.  The  curves  give  a  picture  of  the  surge  as  a 
wave  travelling  up  Chesapeake  Bay,  each  curve  representing  the  surface 
profile  at  a  particular  time.  The  dashed  curve  gives  the  profile  and 
position  of  the  surge  crest  at  the  time  of  maximum  volume  of  water  in 
Chesapeake  Bay.  This  is  also  the  time  when  the  net  flow  of  water  through 
the  entrance  of  the  Chesapeake  Bay  reached  zero. 

For  conqDutational  purposes,  Chesapeake  Bay  was  divided  into  ten 
sections  of  equal  length  along  the  center  axis  (see  Figure  l).  Figure  6 
was  then  used  to  obtain  a  mean  (interpolated)  hydrograph  for  the  center 
of  each  of  the  ten  sections.  An  attempt  was  made  through  smoothing  of  the 
data  to  allow  a  small  contribution  of  rise  in  water  level  due  to  cross 
wind  effects.  These  hydrographs,  given  in  Figure  8,  represent  model^ 
hydro graphs  which  are  used  later  for  hydraulic  computations  and  hurricane 
surge  predictions  for  storm  intensities  greater  or  less  than,  but  of  the 
same  speed  and  path,  as  that  of  the  August  1933  hurricane.  Table  II  gives 
values  of  the  surge  elevations  for  the  ten  sections  for  half —hour  incre¬ 
ments  of  time. 
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FIGURE  7.  SURGE  PROFILES  ALONG 
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PEAKE  BAY  BASED  ON  FIGURE  5  (1933  HURRICANE). 
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FIGURE  8.  INTERPOLATED  HYDROGRAPHS  FOR  TEN  SECTIONS 

OF  CHESAPEAKE  BAY 


Date  __ 
Aug,  22 
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TABI£  II 

I^JTSRPOLATED  SURGE  HTDROGRAPHS  FOR  TEH  SECTIONS 
OF  CHESAPEAKE  BAT:  HURRICANE  AUGUST  22-2li,  1933 
(values  of  h  In  feet  above  astronomieal  tide  level) 


Elevations 

Section 

1 

h2 

2 

EST 

1200 

0.90 

0.90 

1230 

1,00 

0.95 

1300 

1.05 

1.00 

1330 

1.10 

1.05 

II4OO 

1.20 

1.10 

1U30 

1,30 

1.15 

1500 

1,35 

1.10 

1530 

i.ao 

1,20 

1600 

l,U5 

1.30 

1630 

1,50 

1.35 

1700 

1,60 

1,38 

1730 

1.65 

l.UO 

1800 

1,70 

l,b5 

1830 

1.78 

1.L8 

1900 

1,80 

1.52 

1930 

1,85 

1.50 

2000 

1.90 

1.60 

2030 

1.92 

1.65 

2100 

1.95 

1.70 

2130 

2,00 

1.73 

2200 

2.05 

1.78 

2230 

2.10 

1,80 

2300 

2,15 

1.85 

2330 

2.20 

1.90 

2bOO 

2,30 

2.00 

OO3G 

2,bO 

2,20 

0100 

2,50 

2.25 

0130 

2.60 

2.1i0 

0200 

2.75 

2.50 

0230 

3.00 

2.65 

0300 

3,25 

2,05 

0330 

3.60 

3.20 

otoo 

U.OO 

3.35 

OU3O 

U,60 

3.50 

0500 

5.05 

3.80 

0530 

5,50 

U.20 

0600 

5.B0 

U,65 

0630 

6,00 

5.00 

0700 

6,20 

5.20 

0730 

6.30 

5,70 

0900 

6.U0 

6,00 

0830 

6,5o 

6.20 

0900 

6.55 

6,35 

0930 

6.56 

6,U5 

1000 

6.50 

6.55 

1030 

6.55 

6.58 

1100 

6.  bo 

6,60 

1130 

6,20 

6.58 

1200 

6.00 

6,55 

1230 

5.b0 

6.50 

1300 

U.80 

6.35 

1330 

U.20 

6,00 

Uoo 

b.OO 

5,Uo 

1U30 

3.70 

U.90 

1500 

3.30 

U.60 

1530 

3»00 

U,20 

1600 

2.70 

3.90 

1630 

2.b0 

3.70 

1700 

2.05 

3.U0 

1730 

1.60 

3.10 

1000 

1.25 

2.85 

1830 

1.00 

2,60 

‘^U 

”5 

3 

u 

5 

0.U5 

.50 

.55 

.60 

.65 

.70 

.75 

0,10 

.78 

.20 

.82 

.25 

.87 

.35 

.90 

.U5 

.95 

.50 

1.00 

.58 

0,00 

1.07 

.65 

,10 

1,10 

.75 

.18 

1.15 

,80 

.21 

1,20 

.90 

.30 

1.25 

1,00 

.Uo 

1.30 

1.05 

.U2 

1.35 

1,10 

.50 

l.UO 

1.15 

,60 

1.U5 

1.21 

.70 

1.52 

1.30 

.78 

li6o 

1.37 

.82 

1.65 

l.UO 

,90 

1.70 

1.50 

.95 

1.00 

1.58 

1,06 

1.85 

1,60 

1,17 

1.92 

1,63 

2,00 

1.70 

1»30 

2,15 

1.00 

l.UO 

2.U0 

1,86 

1.50 

2.60 

2,00 

1.55 

2,00 

2,10 

1,62 

3.05 

2.25 

1,71 

3.30 

2,U2 

1.03 

3.50 

2,61 

2,00 

3.70 

2.80 

2.20 

u.20 

3.02 

2.U0 

U,6o 

3.37 

2.70 

U,90 

3.60 

2.9U 

5.20 

3.90 

3.20 

5.55 

U.Uo 

3.U2 

5.80 

U.^ 

3.70 

6.00 

U.93 

U.oo 

6.20 

5.35 

U.30 

6.35 

5.50 

U.60 

6.U5 

5.83 

U.82 

6.50 

6.00 

5.10 

6.58 

6,20 

5.30 

6.58 

6.38 

5.60 

6.55 

6,U7 

5.75 

6.5Q 

6.53 

6.00 

6.30 

6,57 

6,20 

6.00 

6,55 

6.32 

5.70 

6.50 

6.U0 

5.20 

6.U2 

6,50 

u.90 

6,30 

6.55 

U.75 

5.82 

6,50 

U.50 

5,50 

6,U0 

U.20 

5.10 

6,23 

3,90 

U.70 

6,00 

^6  N 


*^8  ^  N.0 


6 _ 7 


9 _ 10 


0,00 

.01 

•oU 

.10 

.20 

.21 

.33 

.UO 

0,00 

.U3 

.02 

.55 

.10 

0,00 

0,2U 

.90 

.33 

.98 

.liO 

0.00 

1.05 

,50 

.10 

1,20 

.60 

.13 

1.37 

.70 

.20 

i.5o 

,80 

.27 

1.60 

.90  , 

.37 

1.80 

1,02 

.U3 

0.00 

2.00 

1.20 

.55 

.08 

2.15 

1.38 

.62 

.18 

2.U0 

1.52 

.77 

.25 

2,60 

1.63 

.03 

.38 

2.78 

1.83 

1.00 

.50 

3.10 

2.02 

1.20 

.60 

0,00 

3.38 

2.37 

iM 

.80 

.10 

3.60 

2.60 

1.65 

.90 

.26 

3.80 

^  3.00 

2,00 

•  1,10 

,50 

U.io 

3.23 

2.20 

1.21 

.61 

U.U5 

3.50 

2.U5 

1.60 

.82 

U.65 

3.62 

2.58 

1.90 

1.00 

U.80 

U.05 

3.20 

2,10 

1.30 

5.18 

U.21 

3.35 

2.UO 

1,58 

5.U0 

U.50 

3.55 

2.70 

1,85 

5,62 

U.63 

3,75 

3.00 

2.20 

5.80 

5.00 

U.oo 

3,38 

2,60 

6,00 

5.19 

U.37 

3.53 

3,00 

6,20 

5.U2 

U.60 

3.60 

3.25 

6.30 

5.60 

U.80 

U.OO 

3.60 

6,U0 

5.85 

5.00 

U.20 

3.90 

6,50 

6.00 

5.21 

U.38 

u,30 

6.U5 

6.10 

5.U2 

U.60 

u.60 

I  3 


TABLE  II 
(continued) 


Date 


Aug,  2li 


i 

I 


I 


I 


Elevations 

*^3 

Section 

1 

2 

3 

It 

EST 

1900 

0,70 

2,20 

3.65 

h.38 

1930 

.50 

1.90 

3,U0 

h.lO 

2000 

.30 

1,60 

3.15 

3.86 

2030 

.15 

1,30 

3.00 

3.70 

2100 

,00 

1,00 

2,80 

3.50 

2130 

0,80 

2,  60 

3.37 

2200 

.50 

2,  bo 

3.18 

2230 

.30 

2.10 

3.00 

2300 

.05 

1.90 

2.81 

2330 

1.70 

2,60 

2U00 

l.bO 

2,h3 

0030 

1,20 

2,30 

0100 

0.90 

2.10 

0130 

.70 

1,81 

0200 

.58 

1,61 

0230 

•ho 

l.h2 

0300 

.25 

1,22 

0330 

.15 

1,10 

0^00 

.10 

0.90 

OU30 

.7h 

0500 

,60 

0530 

.50 

0600 

.ho 

0630 

.2h 

0700 

.20 

0730 

.11 

0800 

0830 

0900 

0930 

1000 

1030 

1100 

1130 

1200 

1230 

1300 

1330 

lllOO 

m30 

1500 

1530 

l6oo 

1630 

1700 

1730 

1800 

1830 

1900 

1930 

2000 

2030 

2100 

2130 

2200 

2230 

2300 

2330 

2U00 


“5 

s 

^6 

6 

s 

7 

8 

N 

. 9 . 

^0 

10 

5.60 

6,h2 

6,15 

5.61 

h.8o 

5.00 

5.20 

6,50 

6.20 

5.80 

5.12 

5.20 

h.95 

5,82 

6.19 

5.90 

5.25 

5.h5 

h.60 

5.50 

6,17 

6,00 

5,h8 

5,70 

h.ho 

5.20 

6,02 

6,03 

5.60 

5.85 

h.20 

h.90 

5.85 

6,  oh 

5.78 

6.10 

h.oo 

h,80 

5.60 

6,00 

5.85 

6,25 

3.90 

h.50 

5.30 

5,90 

5.97 

6,60 

3.62 

h.30 

5.05 

5.63 

5.95 

6,80 

3.  ho 

h.io 

h.Sl 

5.hl 

5,90 

6,96 

3.30 

3.96 

h.72 

5.2h 

5.33 

7.00 

3.10 

3.80 

h.50 

5.10 

5,70 

6.95 

2.90 

3.60 

h.35 

h.82 

5.60 

6,80 

2,70 

3.55 

h.l2 

h.60 

5.ho 

6.60 

2.58 

3,ho 

3,93 

h.ho 

5.15 

6.20 

2,50 

3.30 

3*80 

h.22 

h.92 

6,10 

2.30 

3.18 

3.62 

h.lO 

h.70 

5.80 

2,10 

3.00 

3.50 

h.oo 

h,50 

5.50 

1.90 

2,98 

3.38 

3.85 

h,30 

5.30 

1.75 

2,70 

3,20 

3.70 

h.lO 

5.10 

1.58 

2,60 

3,10 

3.60 

3.98 

h.82 

l.ho 

2.hO 

2.95 

3.50 

3.81 

h.55 

1.23 

2.20 

2,30 

3.hO 

3.73 

h,05 

1,10 

2,03 

2,68 

3.30 

3.62 

h.05 

0,95 

1,80 

2.55 

3.21 

3,53 

3.90 

,80 

1,60 

2.38 

3.10 

3,50 

3.75 

.70 

l.ho 

2,20 

2.98 

3.hO 

3.65 

.55 

1,20 

2,05 

2,70 

3.30 

3.50 

.ho 

1.10 

1.98 

2,50 

3.20 

3.h5 

.30 

0.90 

1,80 

2,26 

3.10 

3.30 

.20 

.78 

1,62 

2.10 

3.00 

3.20 

.10 

.70 

l.ho 

1.90 

2.85 

3.10 

0,00 

0,60 

1.22 

1.80 

2,60 

3.00 

.h5 

1,10 

1.58 

2.50 

2,90 

.38 

1.00 

l.h3 

2,35 

2,80 

.30 

0.90 

l.ho 

2,22 

2.70 

,20 

.70 

1.25 

2.0h 

2.50 

.10 

.65 

1,16 

1.99 

2.35 

.03 

.58 

1,08 

1.77 

2,20 

.00 

.50 

1,00 

1.55 

2.07 

.ho 

0.90 

l.ho 

1.90 

.35 

,80 

1.30 

1.70 

.25 

,70 

1,08 

1,60 

.17 

.57 

0.90 

l.ho 

.05 

.50 

.80 

1,26 

,00 

•ho 

.70 

1,10 

.37 

.62 

1,00 

.30 

.57 

0,90 

.20 

.h3 

.79 

.15 

.37 

.70 

.10 

.31 

,60 

,00 

.25 

.50 

.20 

.ho 

.10 

.35 

,05 

.30 

.01 

.22 

,00 

.1? 

.13 

.07 
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Hydraulic  Computations^  The  hydraulic  cai¥>utations  consiat  of  a 
time  history  of  the  followj.ng  variables: 

a*  Surge  or  hydrograph  on  open  coast* 

b.  Discharge  of  water  through  the  entrance  of 
Chesapeake  Bay. 

c«  Surge  profile  up  Chesapeake  Bay,  This  gives 
the  hydrograph  for  each  of  the  ten  sections, 
from  which  the  volume  of  water  in  the  bay  and 
tributaries  can  be  determined, 

d.  Contribution  of  set-up  due  to  cross  winds. 

e.  Contribution  due  to  run-off  and  river  flow 
(neglected  in  the  computations,  but  should 
be  taken  into  account  for  determining  final 
elevations). 

The  problem  includes  the  hydraulic  characteristics  of  the  Chesapeake 
Bay  entrance  and  the  hydraulics  of  the  bay,  or  the  speed  and  change  in 
the  form  of  the  wave  travelling  up  Chesapeake  Bay  and  the  capacity  of 
the  bay. 

The  volume  of  water  which  passes  through  the  entrance  of  Chesapeake 
Bay  must  balance  that  represented  by  the  time  history  of  the  stage  curves. 
Figure  9  shows  relationships  for  the  volume  of  water  above  mean  water 
level  versus  stage  elevation  for  the  ten  sections  of  Chesapeake  Bay,  If 
the  elevations  are  known  at  time  t]^,  say  from  the  model  hy^i'ographs,  then 
the  volume  of  water,  in  Chesapeake  Bay  can  be  confuted.  The  volume 
of  water  V2  in  the  bay  at  time  t2  can  similarly  be  computed.  The 
difference  between  V2  and  (neglecting  run-off)  represents  that  amount 
which  must  pass  through  the  entrance  of  Chesapeake  Bay  during  the  time 
interval  between  t2  and  ti.  This  information,  the  hydrograph  at  the 
first  section,  and  the  hydraulics  of  the  bay  entrance  can  be  used  to 
compute  the  mean  velocity  head  required  on  the  open  coast  for  the  same 
period  of  time.  The  mean  current  velocity  through  the  entrance  of  the 
Chesapeake  Bay  is  given  by 


V  =  C 


(1) 


where 

V  a  mean  current  velocity 
C  SB  coefficient  of  discharge 
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Volume  Above  Mean  Woier,  10  Cubic  Feet.  (Ordinole  values  to  be  imultiptied  by  tO  tor  cu.ft.) 


FIGURE  9.  VOLUME  OF  WATER  ABOVE  MEAN  WATER  VERSUS  ELEVATION 
FOR  SECTIONS  I  THROUGH  10,  CHESAPEAKE  BAY. 


L 


2 

g  ■  acceleration  of  gravity,  32.2  ft. /sec. 
h  *  surge  elevation  on  open  coast 

h?  »  surge  elevation  inside  Chesapeake  Bay  (Section  l) 

when  ho  -  hi  >  0  the  flow  is  into  the  bay. 

when  ho  -  hi  «  0  there  is  no  flow 

when  ho  ~  hi  <  0  the  flow  is  out  of  the  bay 

The  absolute  value  | ho  -  hi  |  is  required  under  the  radical  when 

(ho  -  hi)  <  0,  Since  ho  and  hi  are  functions  of  time,  T  is  also  a  function 

of  time. 

The  discharge  through  the  entrance  of  Chesapeake  Bay  is  given  by 
Q  =  A  V  (2) 


where  Q  is  in  cubic  feet  per  second,  A  is  cross-sectional  area  of  entrance 
in  square  feet,  and  v  is  mean  cuirent  velocity  in  feet  per  second.  The 
increment  of  water  volume  AV  pais  sing  through  the  entrance  during  a  time 
interval  At  »  t2  -  ti  is  given  by 

AV  =  A  V  At  (3) 


The  cross-sectional  area  of  the  entrance  to  Ches^eake  Bay  comprises 
two  parts,  a  constant  value  plus  a  change  due  to  change  in  elevation  of 
the  surge.  Depending  on  the  traverse  selected  across  the  bay  entrance 
one  obtains  an  area  below  mean  water  between  1,800,000  and  2,U00,000 
square  feet,  The  increase  in  cross-sectional  ai^a  due  to  surge  elevation 
is  between  70,000  and  80>000  square  feet  per  foot  of  elevation.  Thus, 
the  cross-sectional  area  of  the  bay  entrance  will  for  ^1  practical 
ptarposes  fall  between  the  ranges  given  by 

A|_  =  70,000  {  25  +  ho  )  (U) 

and 


Ag  =  80,000  (  30  +  Hq  )  iS) 

where  the  subscripts  L  and  U  refer  to  the  lower  and  upper  ranges,  respectively 
and  h^  is  the  surge  elevation  on  the  open  coast  above  mean  water  elevation. 
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Since  ho  «  h2  +  Ah,  equations  U  and  S  become 


Al  =  70»000 


[ 


(25  +  h,  )  +  ah 


(6) 


A^J  =  eo,  000  [  (  30  +  h|  )  +  Ah  1  (7) 

Substituting  equation  6  into  equation  3  and  using  equation  1,  one 
obtains  the  cubic  equation  in  terms  of  Ah 

(ah)®+  2  (25  +  h|  ){ah)*+  (25  +  h,  )*ah-(^)  0  (8) 

Slmilarily  by  using  equation  one  obtains 


2 

(Ah)®  +  2  (  30  +  h|  )  (  Ah  )®+  (30  +  h,  *  0  19) 


Equations  0  and  9  bracket  the  range  in  Ah,  the  only  unknown  quantity, 
once  the  coefficient  of  discharge  C  has  been  assumed,  h^  and  AV/At 
can  be  obtained  from  the  surge  hydrographs  for  Chesapeake  Bay*  The 
total  volume  of  water  above  mean  water  level  in  cubic  feet  in  Chesa¬ 
peake  Bay  and  tributaries,  based  on  planimeterod  area  of  the  0,  10  and 
20-foot  contours  for  each  section  shown  on  Figure  1,  is  given  by 


10 


Vt  =  5: 

^  N°l 


where 


0.9  h,^  +  116  h, 

1.05  135  hg 


10 


10 


(10) 


IS 


V,  = 

0.05  hj*  +  140  hj 

10* 

V4  = 

1.05  h/t  140  h^ 

10* 

Vs  • 

2.95  hj*  +  141  hg 

10* 

v*  * 

3. 1  0  hg*  +  1 5  7  hg 

10* 

Vt  = 

3.40  h/  +  7  3  h^ 

10* 

^8  ” 

1.55  hg*  +  88  hg 

10* 

V9  = 

1.55  hj*+  48  hg 

10* 

V,o  = 

1.25  h,o  +  6  1  h,o 

10* 

(11) 


The  above  equations  are  shown  by  the  curves  given  in  Figure  9*  The 
elevations,  h^,  h2,  etc,,  are  obtained  from  the  coiTesp ending  hydrographs, 
and  are  functions  of  time*  73,  etc,  are  also  functions  of  time,  and 
finally  equation  10  for  Vt  is  a  function  of  time.  Thus,  AV/At  may  be 
obtained  from  the  resultant  curve  for  equation  10. 

It  can  be  shown  that  the  solution  of  the  cubic  equations  (8  or  9) 
results  in  one  real  root  and  two  conjugate  imaginary  roots.  Only  the 
summary  equations  are  given  here|  the  details  of  the  deidvation  are 
given  in  Appendix  A,  (Also  see  reference  page  1-03*) 

Referring  to  equation  8,  the  solution  is  obtained  by  computing 


®  '  [ '  +  (  )*  w  (isfh;  )*  ] '  z  (12) 

Solve  for  0  =  [  Z  -(-  ^  Z*-  I  ] 

cenipute  cosh 

o 


compute 


25  +  h 


cosh 


3 
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compute  A  h  =  y  ”  ^  25  +  h ,  ^ 


compute  Nq  =  h,  +  Ah 


Actually  Ah  is  obtained  from  the  following  equation* 


Ah 


^(25  +  h,)  • 


(13) 


where 

6  is  obtained  froei  arc  cosh  using  equation  12* 

The  above  equations  were  applied  to  the  Ches^eake  Bay  area  using 
the  model  hydrographs  given  in  Figure  8  and  the  volume -stage  curves 
given  by  equation  11*  Confutations  were  made  for  discharge  coefficients 
C  «  0*5,  0*^^,  0*^,  and  0,6^*  Figure  10  shows  the  results  for  C  «  0,^, 
The  dashed  curve  is  for  hQ,  the,  hyeirograph  for  the  ocean  outside  of 

Chesapeake  Bay,  and  the  solid  curve  is  for  h^,  the  model  hydrograph  on 

the  inside  of  Chesapeake  Bay,  The  upper  curves  are  based  on  equation  8 
for  the  lower  limit  of  cross-sectional  area  of  the  entrance  and  the  lower 
curves  on  equation  9  for  the  \jfper  limit  of  cross-sectional  area  of  the 
entrance# 

Figure  11  shows  similar  results  when  the  model  hydrographs  are 
multiplied  by  P  »  1.5,  and  Figure  12  is  for  P  «  2,0.  P  is  the  ratio  of 
the  ordinates  of  the  assumed  hydrograph  to  those  of  the  model  Jydrographs. 

Similar  computations  were  made  for  the  model  hydrographs  multiplied 
by  P  ■  0.25,  0.50,  1.0,  1.5*  2,0,  2.5,  and  3,0  using  C  «  0.5,  0,55*  0,60* 

and  0,65  and  the  two  values  of  cross-sectional  area  of  the  entrance  to 

Chesapeake  Bay,  Thus  a  total  of  2  x  h  x  7  ■  56  sets  of  computations  were 
made,  taking  advantage  of  the  speed  of  an  electronic  computer. 

Prediction  Relationships.  Graphs  similar  to  Figures  10,  11,  and  12 
were  prepared  for  all  fifty-six  sets  of  computations,  and  the  maxlmura  or 
peak  values  were  determined  for  each  condition.  Figures  13  and  Ih  are 
based  respectively  on  the  lower  and  upper  limits  of  cross-sectional  area 
of  the  bay  entrance.  Peak  values  for  these  confutations  are  given  in  the 
following  Table  III, 
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table  III 

PEAK  VALDES,  OF  HURRICANE  SURGE 
ON  OPEN  COAST  AND  JUST  INSIDE  CHESAPEAKE  BAT 


Entrance 

Condition 


I 


A,  C 

and 

Au  C 


Values  of 

(h  ) 

0  max 

Feet  for  Various  P  (open 

coast) 

c 

P  -  0.25 

P  -  0.5 

P  -  1.0 

P  -  1.5 

P  ®  2.0 

o.So 

1.87 

li.l7 

9.1»3 

15.2 

21.0 

0,50 

1.82 

3.96 

8.80 

lU.l 

19*7 

0.55 

1.83 

U.oo 

9.02 

lU.U 

20.0 

0.55 

1.78 

3.85 

8.U7 

13.5 

18.7 

o.6o 

1.80 

3.88 

8.63 

13.8 

19.0 

0.60 

1.76 

3.75 

8.17 

13.0 

17.9 

0.65 

1.77 

3.80 

8.32 

13.2 

18.3 

0.65 

1.7U 

3.69 

7.98 

12.5 

17.3 

Values  of  {hi)j^a3^  Feet 

(Inside  Bay) 

p  -  0.25 

p  ®  0,5 

P  «  1.0 

P  “  1.5 

P  «  2.0 

'  0.50 

to 

'  0.65 

1.6U 

3.29 

6.59 

9,90 

13.1 

Al  -  70,000  (25  +  ho) 
Ay  «  80,000  (30  +  ho) 


Flgiore  15  represents  the  final  results,  prediction  curves  for  the 
peak  of  the  hydrograph  on  the  open  coast  versus  that  at  section  1  inside 
the  Chesapeake  Bay  entrance.  The  center  curve  is  based  approximately  on 
the  mean  of  the  two  curves  for  C  -  0.6  from  Figures  13  and  lU.  Similarly, 
the  i^per  curves  are  based  on  C  «  0.55  and  the  lower  on  C  «  0.65 

In  order  to  use  the  prediction  curves,  one  must  obtain  the  surge  on 
the  open  coast.  For  example,  if  the  surge  on  the  open  coast  is  confuted 
^  be  ho  -  12,0  feet,  then  the  surge  inside  at  section  1  obtained  fl*om 
Fig^e  15  will  be  h]^  ■  9  +  0.5  feet.  The  surge  elevations  at  the  various 
sections  will  be  proportional  to  those  given  the  model  hydrographs 
presented  in  Figure  8,  In  fact  this  would  also  give  the  complete  hydro¬ 
graph  for  each  section*  To  the  surge  elevations,  which  apply  along  the 
center  axis  of  Chesapeake  Bay,  one  must  add  the  coup  one  nt  due  to  cross 
i^nd  effects.  Finally,  the  total  water  elevation  is  obtained  by  adding 
the  predicted  astronomical  tide  and  the  increase  in  elevation  due  to 
river  flow  and  run-off  to  the  hurricane  surge  elevation  and  the  cross 
wind  set-i^.  These  factors  are  discussed  in  more  detail  next  for  the 
general  surge  predictions. 
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III-HURRICANE  SURGE,  GENERAL  DESIGN  PREDICTIONS  FOR  CHESAPEAKE  BAY 


Discus 3ion»  The  discussion  at  this  time  is  intended  to  serve  a 
number  of  purposes.  The  primary  purposes  are  to  discuss  the  method  of 
approach  and  the  tools  of  application  and  to  justify  the  means  by  which 
the  final  answers  may  be  obtained. 

First  of  all,  in  order  to  use  Figure  15  to  obtain  the  hurricane  surge 
within  section  1  of  Chesapeake  Bay,  it  is  necessary  to  obtain  the  surge 
on  the  open  coast.  The  next  step  is  to  compute  the  surge  along  the  center 
axis  of  the  bay,  and  then  add  the  components  due  to  cross  wind  effects. 

The  surge  along  the  center  axis  (see  Figure  l)  of  Chesapeake  Bay  may  be 
determined  from  the  surge  in  section  1  and  surge  ratios  given  in  Table  IV 
below.  For  example,  the  surge  elevation  about  half-way  across  Chesapeake 
Ba^  between  the  mouth  of  York  River  and  the  town  of  Cape  Charles  is 
of  that  half-way  across  Chesapeake  Bay  between  Hampton  Roads  and  the 
mouth  of  Chesapeake  Bay, 

TABLE  IV  SURGE  RATIOS  ALONG  CENTER  AXIS  OF  CHESAPEAKE  BAY 


Center  Axis  Location  Between  Ratio 


Hampton  Roads  and  entrance  to  Chesapeake  Bay  1,0 
Mouth  of  York  River  and  Town  of  Cape  Charles  0,99 
Mouth  of  Rappahannock  River  and  Onancock  0.98 
Mouth  of  Potomac  River  and  Cr is field  0,97 
Mouth  of  Severn  River  and  Chester  River  0,9^ 
Mouth  of  Patapsco  River  and  Chester  River  1,02 


The  above  ratios  are  based  on  the  interpolated  or  model  hydrographs.  Figure  8, 

As  far  as  the  surge  travelling  up  Chesapeake  Bay  is  concerned,  the 
August  1933  hurricane  may  be  considered  as  a  model.  However,  it  is 
difficult  to  make  the  same  statement  for  the  surge  on  the  open  coast,  since 
the  direction  Of  movement  and  wind  components  on  the  open  coast  are  such 
that  no  sinple  method  or  formulas  are  available  for  computing  exactly  the 
surge  on  the  open  coast  from  the  wind  and  pressure  fields,  except  perhaps 
when  the  situation  is  idealized. 

The  predicted  hydrographs.  Figures  10,  11,  and  12  for  the  open  coast, 
are  based  on  the  time  history  of  volume  changes  vdthin  Chesapeake  Bay  and 
the  interpolated  or  model  hydrographs  for  ten  sections  along  the  center 
axis  of  the  bay.  Figure  10  represents  that  surge  which  might  have  been 
experienced  on  the  open  coast  during  the  August  1933  hurricane.  To  complete 
the  problem,  including  calibration  of  the  formulas,  it  is  necessary  to 
verify  the  predicted  surge  hydrograph  for  the  open  coast  given  by  Figure  10, 
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since  no  hjrdrograph  is  available  for  the  open  coast  near  the  entrance 
to  Chesapeake  Bay  for  the  August  1933  hurricane,  it  becomes  necessary 
to  predict  the  appropriate  hydrograph  in  agreement  with  that  given  by 
Figure  10,  using  the  wind  and  pressure  field  for  the  August  1933  hurri¬ 
cane.  This  process  might  well  be  tenned  the  calibration  of  formulas 
and  techniques  for  surge  computation  on  the  open  coast,  and  is  discussed 
under  the  next  topic. 

Calibration  of  Formulas  and  Techniques.  The  calibration  of  formulas 
and  techniques  for  predicting  the  surge  elevations  on  the  open  coast  en¬ 
tails  a  certain  amount  of  subjectiveness.  It  must  be  borne  in  mind  that 
the  final  formulas  selected  and  calibrated  will  be  used  for  the  design 
and/or  the  standard  project  hurricane*  Now  the  design  or  project  hurri¬ 
cane  will  be  one  of  relatively  great  intensity  and  will  move  on  a 
critical  path  and  at  a  critical  speed  such  that  maximum  surge  conditions 
will  be  reached  within  Chesapeake  Bay.  Such  a  hurricane  will  move  more- 
or-less  perpendicular  to  the  coast  with  the  center  passing  just  southwest 
of  the  bay  entrance,  and  after  entering  the  coast  will  proceed  northward 
with  the  center  following  a  path  just  west  of  the  bay. 

For  a  traverse  perpendicular  to  the  open  coast,  the  conventional, 
set-up  formula,  exclusive  of  dynainic  effect  and  of  the  component  due  to 
atmospheric  pressure  reduction  is  given  by: 

dx  g(dts)  W) 

where 

ds/dx  »  slope  of  water  surface 

k  a  3.0  X  10”°  stress  coefficient 

U  «  wind  speed 

d  a  depth  of  water 

g  3  acceleration  of  gravity 

Equation  Ih  must  be  solved  by  numerical  means,  since  the  Continental' 
Shelf  is  variable  in  depth.  Use  of  equation  Ik  is  illustrated  by 
Bretschneider  (l)  in  regard  to  surge  ooirputations  resulting  from  Hurri¬ 
cane  Audrey  (19?6)  in  the  Gulf  of  Mexico, 

The  formula  for  dynamic  storm  tide  on  a  sloping  Continental  Shelf, 
exxilusive  of  the  component  due  to  atmospheric  pressure  reduction,  is 
given  by  Reid  (3)  as  follows: 
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irhere 


a  maximum  rise  in  water  level 

ss  mean  water 'depth  at  seaward  edge  of  the  Coittinental  Shelf, 
just  landward  of  the  sharp  increase  in  depth  on  the  Con¬ 
tinental  slope 

=  mean  water  depth  at  shorewar'd  edge  of  the  Continental  Shelf, 
just  seaward  of  the  sharp  decrease  in  depth  in  the  nearshore 
zone 

■  3*0  X  10"^  stress  parameter 

«  V^J^l >  speed  of  free  wave  at  di 

=  V  ghoi  speed  of  free  wave  at  dn 

=  (1/25  (Co  *  Cl) 

s  B/C,  period  of  travel  of  free  wave  over  Continental  Shelf 

ss  breadth  of  Continental  Shelf  between  the  locations  of  di 
and  d^ 

«  maximum  sustained  wind  speed 

■«  response  factor  depending  on  the  ratio  of  fetch  length  to 
breadth  of  Continental  Shelf,  and  the  ratio  of  the  forward 
speed  of  the  hurricane  to  the  prcpagational  speed  of  the 
free  wave,  C 


Equation  1^  applies  for  conditions  when  the  hurricane  moves  per¬ 
pendicular  to  the  coast.  Equation  lit  ^plies  for  a  stationary  stoann 
when  the  wind  field  is  perpendicular  to  the  coast.  In  regard  to  the 
August  1933  htirricane,  neither  of  the  two  equations  apply  since  both 
the  wind  field  and  the  path  of  the  hiuricane  movement  are  oblique  to 
the  coastline.  For  the  oblique  case  there  is  a  component  of  hurricane 
surge  due  to  Coriolis  effect,  whence  equations  Ih  and  15  will  give  surge 
values  too  low  for  the  August  1933  hurricane,  when  using  the  component 
of  wind  perpendicular  to  the  coast.  Using  a  traverse  parallel  to  the 
wind  (oblique  to  the  coast)  may  result  in  surge  heights  too  high.  There 
is  another  factor  which  tends  to  increase  the  surge  height  above  that 
predicted  by  the  above  equations  and  that  is  the  additional  set-up  due 
to  wave  action. 


In  spite  of  the  above  difficulties,  it  is  of  interest  to  compute 
surge  elevations  by  iise  of  either  equations  lU  and  15*  Using  equation 
lU,  for  example,  one  obtains  a  rise  in  water  level  due  to  wind  stress  of 
U,7  feet,  which  when  added  to  a  component  of  about  0,7  foot  due  to 
atmospheric  pressure  reduction  gives  a  total  maximum  surge  height  of 
5#U  feet  on  the  open  coast.  Prom  Figure  15  for  (So)iiiax  “  feet  one 
obtains  (Si)niax  ^*2  to  Li,65  feet  at  the  center  of  section  1  inside 
Chesapeake  Bay,  Since  Hampton  Roads  is  about  8  nautical  miles  from  the 
center  of  saction  1,  there  will  be  an  additional  rise  due  to  wind  over 
this  part  of  the  bay.  This  additional  rise  is  computed  to  be  1,0  foot, 
whence  the  predicted  value  at  Hanpton  Roads  is  between  5*2  and  5.7  feet 
above  predicted  astronomical  tide.  The  observed  height  at  Hampton  Roads 
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was  about  6.6  feet  above  predi,cted  astronomical  tide.  It  is  assumed 
that  Coriolis  effect  and/or  wave  set-up  results  in  an  additional  rise 
of  1.6  feet  on  the  open  coast,  then  So(niax)  will  be  approximately 
+  1*6  o  7«0  feet,  and  from  Figure  ^(max)  ® 
that  at  HaiTpton  Roads  1*0  foot  higher  or  between  6*3  and  6*9  feet* 

It  spears  that  the  conponent  due  to  Coriolis  effect  arxi/or  wave  set-x:?) 
is  noticeable*  Thus,  the  predicted  surge  on  the  open  coast  fca*  the 
August  1933  hurricane  is  7*0  feet  above  astronomical  tide* 

The  use  of  equation  l9,  depending  on  the  selection  of  the  response 
factor,  gives  essentially  the  same  results  as  those  above  obtained  by 
use  of  equation  lU* 

The  surge  in  feet  at  Baltimore  including  wind  set-up  will  be 
approximately  1*02  times  i  0*3  +  AS  =  5*7  +  0*3  +  AS,  where  AS  is 
that  component  due  to  wind  blowing  up  the  Patapsco  River  toward  Balti¬ 
more,  and  where  the  ratio  1*02  is  from  Table  IV*  The  Patapsco  River 
coiTponent  is  computed  to  be  1*1;  feet,  whence  the  maximum  water  level 
above  astronomical  tide  at  Baltimore  is  confuted  to  be  5*7  +  0*3  +  l»h 
a  7*1  +  0*3  feet  for  the  August  1933  hurricane*  The  observed  value  at 
Baltimore  was  7*2  feet  above  astronomical  tide* 

The  surge  in  feet  at  Annapolis  including  wind  set-up  will  be 
approximately  0*95  times  5*6  +  0.3  +  AS  «  5*3  +0*3  +AS,  where  AS  is 
that  component  due  to  wind  blowing  up  the  Severn  River  and  the  ratio 
0.95  is  from  Table  IV*  That  component  due  to  wind  blowing  up  the 
Severn  River  is  conputed  to  be  O.b,  foot,  whence  the  maximum  water  level 
above  astronomical  tide  at  Annapolis  is  conputed  to  be  5*3  ^0*3  +  O.b- 
o  5*7  +  0*3  feet  for  the  August  1933  hurricane*  The  observed  value  at 
AnnapoTis  was  5*8  feet  above  astronomical  tide. 

The  surge  height  in  feet  at  the  mouth  of  the  Potomac  River  will  be 
0*97  times  5*6  0*3  *  5*b  i  0.3  +  AS,  where  AS  is  that  component  due 

to  wind  blowing~acros3  Ches5>eake  Bay  to  the  mouth  of  the  Potomac  River* 
That  component  due  to  the  wind  is  AS  »  0*6  feet,  whence  the  surge  at  the 
mouth  of  the  Potomac  River  is  6.0  +  0.3  feet.  The  observed  value  at 
Little  Wicomico  near  the  mouth  of  the  Potomac  River  was  6*0  feet* 

Thus,  it  appears  that  the  August  1933  hurricane  is  satisfactory  as 
a  model  for  determining  surge  heights  within  Chesapeake  Bay,  provided 
allowance  can  be  made  on  the  open  coast  to  take  into  account  that  com¬ 
ponent  due  to  Coriolis  effect  and/or  wave  set-tp. 

As  far  as  maximum  surge  on  the  open  coast  is  concerned,  the  critical 
path  of  approach  should  be  more  or  less  perpendicular  to  the  coast,  in 
which  case  the  Coriolis  effect  is  minimized  and  only  that  component  due 
to  wave  set-up  must  be  considered*  Perhaps  at  least  approximately  that 
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component  due  to  wave  set-up  might  be  included  in  the  wind  set-up  formula 
provided  a  calibration  of  the  formula  can  be  made. 

Although  Hurricane  Audrey  (19^6)  was  in  the  Gulf  of  Mexico,  this 
storm  approached  perpendicular  to  the  coast  and  was  very  well  documented 
with  wind  and  tide  data,  and  is  therefore  suitable  for  calibration  pur¬ 
poses,  The  details  of  this  documentation  are  given  by  Harris  (3)* 

Using  available  information  on  Hurricane  Audrey,  Bretschneider  (l)  was  • 
able  to  verify  by  computation  the  observed  maximum  water  level  rise, 
provided  a  stress  parameter  k  *  3#0  x  10“°  and  a  response  factor  of 
3  ®  1«0  were  used.  When  a  hurricane  moves  at  critical  speed,  the  re¬ 
sponse  factor  is  normally  greater  than  1,0,  but  when  the  Continental 
Shelf  is  of  great  breadth  and  relatively  shallow,  the  damping  effect 
will  be  such  that  the  response  factor  will  not  deviate  too  much  from 
1,0  ^  10%,  which  is  within  the  order  of  accuracy  of  the  computational 
procedures  and  the  meteorological  data. 

Since  the  formula  given  by  Bretschneider  (l)  is  calibrated  based 
on  data  from  Hurricane  Audrey  it  can  be  assumed  that  the  set-up  computed 
therefrom  includes  the  damped  dynamic  effect  and  the  contribution  due  to 
wave  set-up,  provided  the  limits  of  accuracy  are  set  at  +  105^,  and  the 
equation  is  applied  to  similar  or  near  similar  offshore  meteorological 
and  physical  features.  In  view  of  the  above,  surge  computations  can  now 
be  made  for  the  open  coast. 

Surge  Computations  for  the  Open  Coast,  Surge  computations  for  the 
open  coast  are  made  for  two  hypothetical  hurricanes,  either  of  which  might 
be  comparable  nearly  to  a  design  or  standard  project  hurricane.  The 
first,  hereafter  called  Hurricane  '’A*'  is  the  September  lU,  19UU  hurricane 
transposed  to  the  Chesapeake  Bay  area,  but  not  adjusted  for  filling.  The 
meteorological  data  for  Hurricane  ’^A”  are  given  in  Weather  Bureau  Memoran¬ 
dum  HUR  7-20,  In  particular  for  the  open  ocean  the  radius  of  maximuiTi 
wind  is  R  =  33*5  nautical  miles,  the  atmospheric  pressure  anomaly  at  the 
center  is  2,2  inches  of  mercury,  and  the  maximum  sustained  wind  speed  at 
R  is  equal  to  lOS  mph.  The  path  of  movement  over  the  open  ocean  can  be 
assumed  more  or  less  perpendicular  to  the  coast  and  the  forward  speed 
equal  to  about  l5  to  25  mph.  After  crossing  the  coast,  the  path  of  move¬ 
ment  curves  and  proceeds  northward  along  the  west  side  of  the  Chesapeake 
Bay,,  and  the  speed  of  movement  reduces  to  about  12  to  15  mph*  The  wind 
speed  over  Chesapeake  Bay  decreases  as  the  storm  moves  northward  as 
shown  by  HUR  7-20,  Actually  the  decrease  in  wind  speed  as  the  storm 
moves  northward  will  be  greater,  as  given  in  HUR  7-26, 

■  The  second  storm,  hereafter  called  Hurricane  ”B"  is  exactly  the  same 
as  Hurricane  *’A'*  except  that  all  wind  speeds  are  5  mph  greater.  That 
is,  the  maximum  sustained  wind  for  Hurricane  is  110  mph.  Further¬ 
more,  over  the  Chesapeake  Bay  maximum  winds,  for  exanple  of  90  mph  for 
Hurricane  will  be  95  mph  for  Hurricane  etc. 
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Figure  l6  shows  the  wind  stress  diagram  for  over  ocean  through  the 
radius  of  maxtra,um  wind  and  parallel  to  the  path  of  the  hurricane  center 
for  Hurricane  maximum  sustained  wind  of  110  nph*  The  stress  dia¬ 
gram  for  Hurricane  **A”  can  be  obtained  very  nearly  by  mtiltiplyihg  the 
values  of  Figure  l6  by  the  factor  (lO^/llO)^  “0*91*  The  stress  coefficient 
k  “  3*0  X  10"^ was  used  for  both  Hurricanes  and  (Previous  com¬ 

putations  on  hurricane  surge  assumed  a  stress  coefficient  k  «  3.3  x  10“®* 

It  therefore  might  be  interpreted  that  Hurricane  ‘‘B**  is  identical  to 
Hurricane  ‘♦A'^  except  .that  a  stress  coefficient  of  k  =  3*3  x  10"®  is  used 
instead  of  3*0  x  10"®,) 

As  outlined  in  reference  1,  the  stress  diagram  is  moved  over  the 
traverse  perpendicular  to  the  coast  and  surge  confutations  are  made, 
based  on  steady  state  conditions  for  each,  position.  The  assumption  of 
steady  state  conditions  appears  reasonable,  since  the  storm  is  moved  at 
a  relatively  slow  speed.  Tte  use  of  the  cumulative  curve  or  the  integral 
of  the  stress  diagram  k/g  /  |  U  |  U^dx  facilitates  computational  procedures* 

Figure  17  is  a  segmented  smoothed  version  of  the  bottom  profile  from 
the  mouth  of  Chesapeake  Bay  to  the  edge  of  the  Continental  Shelf,  Three 
traverses,  parallel  to  each  other  from  the  coast  to  the  Continental  Shelf, 
were  averaged  to  obtain  Figure  17,  The  three  traverses  onconfassed  the 
north  and  south  boundaries  of  the  mouth  of  Ches^eake  Bay  and  one  through 
the  center  of  the  entrance. 

The  stress  diagram,  Figure  l6,  was  placed  at  various  positions 
along  the  profile  of  Figure  17  and  computations  were  made  for  wind  set-up, 
using  the  procedures  of  reference  1,  In  addition,  that  component  due  to 
atmospheric  pressure  reduction  was  also  confuted,  based  on  the  distance 
that  the  hurricane  center  was  from  the  coast  for  each  position  of  the 
stress  diagram  over  the  bottom  profile.  The  results  of  these  confutations 
are  given  below  in  Table  V, 

TABLE  V,  SURGE  CCMPUTATIONS  FOR  OPEN  COAST  AND 
CHESAPEAKE  BAY  FOR  HURRICANES  "A"  &  *»B»» 


Hurricane  '•A**  Hurricane 


Xo 

r 

sg 

SA 

^0 

SA 

So 

N.  Miles 

N.  Miles 

Feet 

Feet 

Feet 

Feet 

Feet 

0 

55.5 

1.13 

5.18 

6.31 

5.75 

6,88 

10 

147.8 

1.26 

7.06 

8.32 

7.81* 

9.10 

20 

m.2 

1.1*1 

8.26 

9.67 

9.18 

10.59 

30 

36.5 

1.51* 

9.15 

10.69 

10.17 

11.71 

ho 

33.8 

1.59 

9.53 

11.12 

10.63 

12.21 

3a.5 

1.57 

9.12 

10.69 

10.11 

11.68 

60 

37.5 

1.1*9 

8.1*0 

9.89 

9.31* 

10,63 

70 

1*2.5 

1.37 

6.95 

8.32 

7.73 

9.10 

80, 

1*9.6 

1.28 

6.06 

7.31* 

6.73 

8.01 

90 

57.5 

1.12 

1*.81* 

5.96 

5.37 

6,1*9 
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In  the  above  table,  Xq  is  the  distance  that  the  front  of  the  hurri¬ 
cane  is  inland  from  the  coast,  or  where  U  is  parallel  to  the  coast* 

Sg  is  that  rise  in  water  level  due  to  atmospheric  pressure  reduction  at 
the  coast  from  normal  and  Sg  is  the  rise  in  water  level  due  to  wind  stress* 
Sq  is  the  total  rise  in  water  level  (or  surge  elevation)  above  astronomical 
tide  level  on  the  open  coast  and  is  obtained  from  Sq  «  Sg  +  S^. 

Figure  18  shows  predicted  surge  elevation  Sq^  versus  position  Xq  0^ 
the  front  of  the  hurricane  with  respect  to  the  entrance  of  Chesapeake  Bay, 

Similar  computations  were  made  for  Hurricane  ”A*'  using  0*91  times 
the  stress  diagram,  Figure  16  and  a  maximum  surge  for  Hurricane  of 
11,1  feet  was  computed*  Kaxunum  surge  for  Hurricane  was  12*2  feet* 

The  ratio  of  the  surge  heights  for  the  two  hurricanes  is  11.1/12,2  «  0*91# 
which  is  the  same  ratio  as  that  given  for  the  square  of  the  two  maximum 
wind  speeds*  Within  the  range  of  say  +  1$  to  20  raph  from  the  above  max¬ 
imum  wind  speeds,  for  a  hurricane  moving  more  or  less  perpendicular  to 
the  coast  at  a  speed  of  l5  to  20  mph,  the  maximum  surge  on  the  open  coast  at 
Chesapeake  Bay  can  be  predicted  from  the  following  equation* 


(So)mo*  =  0,001  t  10% 


(16) 


where  Sq  is  in  feet  and  is  in  miles  per  hour* 

If  the  design  or  standard  project  hurricane  is  selected,  for  which 
the  radius  of  maximum  wind  is  nearly  that  used  for  Hurricanes  ”A**  and 
and  the  speed  of  forward  movement  is  about  to  20  nph,  then 
critical  conditions  or  near  critical  conditions  will  exist,  and  equation 
16  can  be  used  to  predict  the  maximum  surge  on  the  open  coast*  It  might 
be  noted  that  equation  16  includes  the  component  of  surge  due  to  atmos¬ 
pheric  pressure  reduction,  as  reflected  in  the  wind  speed.  For  example, 
if  the  maximum  sustained  wind  is  100  mph,  then  (So)jiax  ®  10*0  feet  and 
if  the  maximum  sustained  wind  is  120  mph  then  (So^max  “  feet,  on  the 

open  coast  at  Chesapeake  Bay, 

Hurricane  Surge  Within  Chesapeake  Bay*  The  raaxlmura  surge  elevation 
above  predicted  astronomical  tide  for  any  location  within  Chesapeake 
Bay,  neglecting  river  flow  and  run-off,  consists  of  two  coirponentsr (a) 
that  which  enters  through  the  mouth  of  Chesapeake  Bay,  known  as  the  pri¬ 
mary  surge  and  travels  up  the  bay  only  to  be  modified  by  the  surge  ratios 
given  in  Table  TVj  and  (b)  the  additional  tilt  or  rise  due  to  local  wind 
stress  and  other  local  effects*  Surge  heights  on  the  open  coast  were 
computed  to  be  11*1  and  12*2  feet,  respectively  for  Hurricanes  ”A'»  and  ”B*»* 
Figui^'e  1$  can  be  used  to  obtain  the  surge  elevation  for  the  center  of 
section  The  additional  rise  or  fall  as  the  case  may  be  due  to  the 
cross  wind  can  be  computed  from  the  one-step  formula 
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|u|Ux  (mph) 


12,000 


10,000 


8,000 


6,000 


4,000 


2,000 


Distance  in  Nautical  Miles 

FIGURE  16.  WIND  STRESS  DIAGRAM  FOR  HURRICANE  “B 


Depth  of  Water  in  Feet 


FIGURE  18.  SURGE  ELEVATION  ON  OPEN  COAST 
CHESAPEAKE  BAY  ENTRANCE  FOR  HURRICANES  "A"  AND  "B", 


I 
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(17) 


where  is  the  total  mean  water  depth,  excluding  AS  (but  in  this  par¬ 
ticular  case,  dt  is  equal  to  the  mean  low  water  level  plus  astronomical 
tide  plus  surge  height  from  the  open  coast)}  (i*e.,  d^  for  section  1  is 
an  average  depth  from  the  center  axis  of  section  1  to  Harpton  Roads)* 
The  above  assumes  that  the  nodal  line  for  cross  tilt  follows  the  center 
axis  of  the  Bay,  and  this  is  approximately  true  since  the  cross  wind 
effect  is  small  conpared  with  t^  mean  depth*  The  symbols  used  in 
equation  17  ore  dimensionally  homogenous.  If  2F  is  replaced  with  W  the 
mean  width  of  the  section  in  nautical  miles,  U  is  the  mean  cross 
wind  component  of  the  section  in  miles  per  hour,  and  g  «  32,2,  equation 
17  reduces  to: 


AS=  -,  ]  (18) 

The  plus  sign  indicates  set-up  in  the  downwind  direction  and  the 
minus  sign  set-down  in  the  upwind  direction* 

Computations  for  the  cross  wind  effects  have  been  made  for  a  number 
of  locations  along  the  western  side  of  Chesapeake  Bay,  For  example,  con¬ 
sider  Hajipton  Roads* 

Using  Figure  l5,  and  (So)niax  •  11*1  feet  for  Hurricane  and  12,2 
feet  for  Hurricane  one  obtains,  respectively  for  the  center  of  section 
1,  primary  surge  of  8,3  +  0,lt  feet  and  9*0  +  0,h  feet*  The  primary  surge 
for  the  other  locations  is  obtained  by  use  of  the  surge  ratios  given  in 
Table  IV*  The  mean  width  across  section  1  is  epproximately  W  »  lU  nautical 
miles*  The  mean  depth  of  water  over  section  1,  exclusive  of  surge  eleva¬ 
tion  is  about  2^  feet.  The  total  mean  water  depth  is  d^  »  25  +  8,3  "  33*3 
feet  for  Hurricane  and  d^  «  25  +  9*0  *  3^«0  feet  for  Hurricane  ”B”, 

From  HDR  7-26  it  is  seen  that  the  maximum  cross  wind  over  section  1 
is  about  100  nph,  corresponding  to  Hurricane  ”A”,  The  maximum  cross  wind 
for  Hurricane  is  given  by  100  5  ■  105  nioh. 

Using  the  above  information,  and  equation  18,  one  obtains 

AS  ■  2,5  feet  for  Hurricane  ”A” 

AS  •  2*7  feet  for  Hurricane  ”B**  , 
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Thus  the  surge  elevation  on  the  west  side  of  Chesapeake  Bay  at  Hainpton 
Roads  is 

So  8,3  +  2,5-  10,8  +  0,li  feet  for  Hurricane  ’’A" 

and 

S  a  9*0  +  2,7  «  11,7  +  0,h  feet  for  Hurricane  . 

For  the  east  side  of  Chesapeake  Bay  the  minus  AS  cannot  be  used  for 
section  1,  since  the  surge  entering  the  Bay  already  established  an  eleva¬ 
tion  between  11,1  and  8,3  for  and  12,2  and  9*0  for  for  the  con¬ 
ditions  set  forth.  The  minus  AS  can  only  apply  for  the  east  side  of 
Chesapeake  Bay  for  the  sections  which  are  not  directly  influenced  by  the 
entrance  flow  conditions. 

Similar  computations  as  those  illustrated  above  have  been  made  for 
the  locations  given  in  Table  IV,  Summary  of  these  computations  are 
given  in  Tables  V-A  and  V-B, 

Methods  for  Computing  Surge  Elevation  for  the  East  Side  of  Chesapealce 
Bay,  Surge  heights  on  the  east  side  of  Chesapeake  Bay  can  be  coir^uted  in 
a  manner  similar  to  that  used  for  the  west  side.  It  must  be  remembered 
that  when  AS  is  positive  for  the  west  side  AS  will  be  negative  on  the  east 
side,  and  vice  versa  depending  on  whether  the  wind  is  from  the  east  or  west. 

Because  of  the  particular  path  and  speed  of  the  hurricane  selected, 
the  peak  of  the  primary  surge  fVcm  the  open  coast  will  coincide  approximately 
with  the  maximum  cross  winds  from  the  east;  but  the  peak  of  the  prlmaiy 
surge  may  not  necessarily  be  close  in  phase  with  the  maximum  cross  winds 
from  the  west,  which  follow  behind  the  hurricane.  From  Figures  10,  11, 
and  12,  it  is  seen  that  for  about  5  hours  the  primary  surge  will  be  within 
one-half  to  one  foot  below  the  peak.  It  appears  then  for  a  first  approxima¬ 
tion  that  the  maximum  resultant  for  the  east  side  of  the  bay  will  be  equal 
to  the  peak  of  the  primary  surge  minus  about  1/2  to  1  foot  plus  AS,  where 
AS  is  that  conponent  computed  due  to  the  cross  wind  from  the  west.  This 
method  will  probably  not  apply  for  the  east  side  of  section  1, 

In  order  to  obtain  more  accurate  estimates,  it  would  be  necessary  to 
consider  the  time  history  of  the  primary  surge  and  the  tin*  history  of 
the  wind  field  within  Chesapeake  Bay  superiitposed  thereon;  and  then  coirpute 
the  time  history  of  AS  due  to  cross  wind  components,  east  or  west. 
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TABLE  V~A 

SIM5ARY  OF  SURGE  CCMPUTATIONS  HURRICANE  "A** 


Location 

W 

N*  Miles 

Primary 
surge  (ft.) 

mean  low 
water 
depth 
ft. 

ft. 

cross 

wind 

MPH 

AS 

feet 

5 

Hampton  Roads,  Va, 

lU.O 

8.3  +  O.U 

2^ 

33.3 

100 

2.5 

10.8 

Mouth  of  York  River 

17.5 

8.2  +  O.U 

33 

Ul.2 

92 

2.1 

10.3 

Mouth  of  Rappahannock 

River 

18.0 

8.1  +  O.U 

Uo 

U8.1 

87 

1.7 

9.8 

Mouth  of  Potomac  River 

Hi.O 

8.0  +  O.U 

Uo 

U8.0 

80 

1.1 

9.1 

Mouth  of  Severn  River 

5.5 

7.9  +  O.U 

U5 

52.9 

75 

O.U 

8.3 

Mouth  of  Patapsco  River 

8.0 

8.^  +  O.U 

18 

26.5 

70 

0.9 

9.U 

TABLE 

V-B 

SUMMARY  OF  SURGE  CCMPUTATIONS  HURRICANE 

Hampton  Roads,  Va. 

Ht.o 

9.0  +  O.U 

25 

3U.0 

105 

2.7 

11.7 

Mouth  of  York  River 

17.5 

8.9  +  O.U 

33 

Ul.9 

97 

2.U 

11.3 

Mouth  of  Rappahannock 

River 

18.0 

8.8  +  O.U 

Uo 

U8.8 

92 

1.9 

10,7 

Mouth  of  Potomac  River 

lll.O 

8.7  +  O.U 

Uo 

U8.7 

85 

1.3 

10,0 

Mouth  of  Severn  River 

5.5 

8.6  +  O.U 

U5 

53.6 

80 

0,5 

9.1 

Mouth  of  Patapsco  River 

8.0 

9.2  +  0.U 

18 

27.2 

75 

1.0 

10.2 

i+i+i+i+  1+1+  I+I+I  +  I+  1+1  + 


IV  HURRICANE  SURGE,  SPECIAL  PREDICTIONS 

Discussion,  The  preceding  sections  of  this  report  carried  the  surge 
problem  from  the  open  coast,  through  the  entrance  of  Chesapeake  Bay,  and 
up  the  bay  to  points  just  inside  various  main  river  mouths  along  toe  west 
side  of  the  Chesapeake  Bay* 

The  problem  of  special  surge  predictions  is  an  attempt  to  obtain 
reasonable  surge  elevations  upstream  from  the  mouths  of  these  rivers*  In 
particular,  the  areas  around  Washington,  D*  C,  and  Baltimore,  Maryland 
are  important.  The  area  around  Norfolk,  Virginia  is  also  a  special  pro¬ 
blem,  since  the  present  hurricane  investigated  may  not  necessarily  be  that 
which  might  produce  the  highest  water  level  in  downtown  Norfolk,  where 
strong  winds  from  the  northeast  might  be  critical*  The  three  areas  of 
interest  are  discussed  below. 


Surge  Prediction  for  Norfolk  Area*  Unless  there  are  strong  winds 
out  of  the  north  or  northeast,  the  present  investigation  may  lead  to 
values  too  low  for  the  hurricane  surge  for  the  Norfolk  area*  The  present 
analysis  gives  a  surge  height  on  the  open  coast,  opposite  Norfolk,  of  11*1 
feet  for  Hurricane  and  12,2  feet  for  HTirricane  and  inside  the 
Chesapeake  Bay,  the  present  analysis  gives  8*3  +  O.U  feet  for  Hurricane  "A** 
and  9*0  +  O.U  feet  for  Hurricane  "B”,  which  increases  to  10*8  +  0*)i  feet 
and  11*7"**+  0,U  feet,  respectively  westward  to  Hampton  Roads*  ^ 


Isovel  patterns  for  the  standard  project  hurricane  for  the  Norfolk 
area  are  given  in  HUR  7-Uli*  The  path  of  this  hurricane  was  selected  such 
that  strong  winds  would  be  directed  toward  Norfolk  from  the  northeast 
quarter*  Such  a  hurricane  would  not  produce  the  greatest  surge  entering 
Chesfipeake  Bay  and  advancing  northward  say  toward  Baltimore*  Prom  the 
ipper  reaches  of  Chesapeake  Bay,  the  Water  would  be  driven  southward, 
and  if  there  is  a  strong  onshore  oonponent  of  wind  at  the  same  time  tend¬ 
ing  to  pile  up  the  water  along  the  open  coast  near  the  mouth  of  Chesa¬ 
peake  Bay,  then  the  surge  would  converge  on  the  Norfolk  area. 


The  wind  set-up  along  the  southern  end  of  Chesapeake  Bay  between 
Hampton  Roads  and  Norfolk  due  to  northerly  winds  over  the  bay  may  be  com¬ 
puted  fl'om  the  following  formula: 


S, 


0.1  Ur^ _ _ 

45  +  Ag  +  S|/2 


COS  Q  t  10  % 


where  is 


V2 

r 


is 

is 


the  wind  set-up  in  feet  (+  10^?) 
astronomical  tide  above  mean  water  depth 
average  squaied  wind  velocity  in  (mph)^ 


(19) 
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Q  is  an  angle  the  wind  direction  makes  with  the  long  axis  of 
lower  Chesapeake  Bay 

2 

It  appears  from  HUH  T-UU  that  cos  Q  will  be  approximately  U,000 
(iTph)^  whence  from  equation  18,  using  As  **  0,  one  obtains 

=  8,1  feet  +  1056 


The  atmospheric  pressure  reduction  from  normal  over  the  area  of 
interest  will  be  about  1,7  inches  of  mercury  corresponding  to  1,9  feet 
of  water.  Thus  the  maximum  surge  for  the  Norfolk  area  for  the  standard 
pi*oject  hurricane  will  be 


S  «  8.1  +  1.9  10.0  +  1,0  feet 


To  the  above  value  must  be  added  the  predicted  astronomical  tide. 

If  the  wind  speed  is  increased  10  percent  the  corresponding  surge 
height  would  be  increased  by  about  20  percent. 

As  far  as  the  Norfolk  area  is  concerned,  consideration  should  be 
given  to  the  maximum  probable  surge  that  might  be  experienced  with  a 
severe  northeasterly  storm.  For  example,  KUR  7-Ulj  gives  isovels  for 
the  April  11-12,  1956  northeaster  adjusted  for  maximum  surge  generation 
at  Norfolk,  For  this  storm  it  is  seen  that  the  isovel  of  maximum  wind 
speed  is  69  mph,  corresponding  very  nearly  to  Up  »  U225  (mph)^,  which 
is  slightly  greater  than  that  for  the  standard  project  hurricane  for 
Norfolk,  Using  equation  18  and  Up  =  h225  (mph)^,  one  obtains  for  this 
northeaster 


■  8.6  feet  ^  10^ 

If  it  is  assumed  that  atmospheric  pressure  reduction  from  normal 
will  produce  about  one  and  a  half  foot  additional  rise  then  the  total 
surge  produced  by  this  northeaster  will  be  ccmparable  to  that  produced 
by  the  standard  project  hurricane. 

If  the  standard  project  northeaster  has  greater  intensity  than  the 
above  northeaster,  then  the  standard  project  hurricane  is  less  critical 
than  the  standard  project  northeaster. 
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Surge  Prediction  for  Washington,  D«  C»  Area»  The  maximum  surge 
elevation  for  the  Washington  area  will  be  a  resultant  of  the  surge 
travelling  up  Potomac  River  from  Chesapeake  Bay  and  the  additional 
change  in  elevation  due  to  wind  stress  over  the  upper  Potomac  River 
near  Washington.  The  surge  entering  Potomac  River  will  be  modified 
by  shoaling,  convergence,  and  bottom  and  aide  friction,  and  according 
to  tide  and  surge  data  the  net  result  would  be  to  increase  the  surge 
height  as  it  propagates  up  the  river*  The  wind  effect  over  the  upper 
Potomac  River  may  tend  to  increase  or  decrease  the  surge  elevation 
depending  on  the  direction  that  the  wind  is  blowing. 

It  is  difficult  to  separate  entirely  the  above  effects,  except 
by  use  of  a  great  amount  of  empirical  data,  which  are  as  yet  not 
available.  The  limited  amount  of  erpirical  data  are  used  to  obtain 
surge  prediction  relationships  for  the  Washington  area.  Table  VI 
below  presents  surge  data  available  from  past  hurricanes  for  both 
Washington  and  Dahlgren,  Virginia, 


TABLE  VI 

SURGE  DATA  FOR  POTOMAC  RIVER 


Date 


Surge  Height  in  Feet  Above  Predicted  Astronomical  Tide 

Mouth  of 


Dahlgren  Washington 


Potomac 
( adjusted) 


22-2U  Aug,  1933 
1^  Oct,  l9Sk 
12-13  Aug,  1955 
17-18  Aug.  1955 
19-20  Sept.  1955 


6,5  (estimated) 

6,2 

k.6 

U.7 

2,9 


7.6 

6,0  (observed) 

8.3 

5.1 

6,2 

3.8 

6.6 

3.8 

k.h 

2,2 

Except  for  the  adjusted  and  estimated  values,  the  above  data  were 
furnished  by  the  U,  S,  Army  Engineer  District,  Washington, 

It  was  desirable  to  adjust  the  above  data  to  apply  at  the  mouth  of 
Potomac  River,  instead  of  at  Dahlgren,  Virginia,  Based  on  other  avail¬ 
able  high  water  data,  and  the  configuration  of  Potomac  River,  it  is  fairly 
reasonable  to  assume  that  the  increase  in  surge  from  Dahlgren  to  Washing¬ 
ton  is  approximately  twice  the  increase  in  surge  from  the  mouth  of  the 
Potomac  to  Dahlgren,  For  adjustment  purposes,  the  surge  at  the  mouth  of 
the  Potomac  is  estimated  for  the  above  storms  from  the  following  formula. 

Surge  at  mouth  of  Potomac  =  surge  at  Dahlgren  «  1/2  (surge  at  Wash¬ 
ington  -  surge  at  Dahlgren), 
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Applying  the  above  formula,  the  surge  heights  become  adjusted  for 
the  mouth  of  Potomac  River,  and  the  corresponding  values  are  given  in 
the  last  column  of  Table  VI. 

In  regard  to  the  August  1933  hurricane,  the  value  of  6,0  feet  for 
the  mouth  of  Pot  (Mac  River  is  in  agreement  with  that  observed  at  Little 
Wicomico,  near  the  mouth  of  that  river,  and  this  is  the  same  value  pre¬ 
dicted  in  the  previous  section  of  this  report  for  the  mouth  of  Potomac 
River, 


Figure  19  shows  the  surge  heights  from  Table  VI  for  Washington 
versus  those  at  Dahlgren,  Figure  20  shows  the  surge  heights  for  Wash¬ 
ington  versus  those  adjusted  for  the  mouth  of  Potomac  River,  The  ranges 
in  astronomical  mean  and  spring  tides  are  also  shown  in  the  above 
figures  for  the  corresponding  locations. 

Figures  19  and  20  show  a  remarkable  correlation  in  surge  elevations 
for  the  corresponding  locations.  The  surge  height  for  the  August  1933 
hurricane  does  not  fall  on  the  curve,  and  the  reason  is  that  little  or 
no  wind  effect  existed  for  that  hurricane.  The  other  hurricanes  had 
moderate  wind  effects. 

Figure  20  also  shows  the  prediction  curve  for  hurricane  surge  at 
Washington,  The  solid  curve  can  be  used  to  estimate  the  surge  height  . 
(including  wind  effect)  at  Washington  from  the  maximum  surge  predicted 
at  the  mouth  of  the  Potomac,  This  assumes  that  the  wind  is  in  the 
direction  to  cause  an  increase  in  surge  height.  The  dashed  curve  might 
be  used  to  predict  the  surge  height  at  Washington  from -that  at  the 
mouth  of  the  Potomac,  after  which  the  wind  effect  over  the  upper  Potomac 
River  might  be  added.  It  is  quite  likely  that  the  solid  and  dashed 
lines  shovild  intersect  at  the  astronomical  tide,  for  no  wind. 

The  surge  height  at  the  mouth  of  Potomac  River  was  computed  in  the  . 
previous  section  to  be  9,1  ±  O.U  feet  and  10,0  +  0,U  feet,  respectively 
for  Hurricane  *‘A”  and  Hurric^ane  **3^,  Using  the'^solid  curve  of  Figure  20, 
the  corresponding  surge  elevations  at  Washington  will  be  13,6  and  lii,8 
feet,  respectively. 

In  order  to  establish  more  confidence  in  the  above  surge  values, 
one  might  use  the  dashed  curve  of  Figure  20  for  predicting  sxu'ge  values 
and  then  add  that  component  due  to  wind  stress.  Using  the  dashed  curve, 
the  surge  height  (not  including  the  additional  wind  set-up)  is  equal  to 
10,6  +  0,lt  feet  and  11, ^  +  0,U  feet,  respectively  for  Hui*ricane  and 
Hurricane 

That  component  due  to  wind  set-up  over  the  upper  Potomac  River  can 
be  obtained  fi'om  equation  17  where  the  upper  Potomac  River  is  replaced 
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Surge--H0ight  -In -  Feet  At  -DdWgi'^n,  Vo. 


Sur^  HejgM  \n  Feed  At  WoLShjfi^ttdni  D> 


FIGURE  19..  SURGE  HEIGHT  AT  DAHUSREItK ,  VA. 


VS  SURGE  HEKGHII;'  AT  WASHINiSMaOl,  DXI. 


Surge  Height  In  Feet  At  Mouth  Of  Potomoc  River,  Adjust 


FIGURE  20.  PREDICTION  CURVE  FOR  HURRICANE  SURGE  AT  WASHINGTON,  D.C. 


with  an  equivalent  channel  having  the  following  dimensions: 

length  «  5^,500  feet 
width  5,000  feet 
depth  «  .10,5i'eet 

When  computing  the  wind  set-up  conponent,  the  surge  heights  (10*6 
and  11,5,  above)  must  be  added  to  the  depth  of  10,5  feet. 

From  Figure  9  of  HUR  7-20  it  is  estimated  for  the  upper  Potomac 

River  that  the  maximum  wind  is  60  mph  for  Hurricane  and  65  mph  for 
Hurricane  "B***  Higher  wind  speeds  might  be  used  if  the  path  of  the 
storm  is  shifted  more  critical  to  the  Washington  area.  Using  equation 
17  and  the  above  wind  speeds,  fetch  length,  and  mean  water  depth  plus 
surge  the  corresponding  set-up  values  are: 

AS  »  1,9  feet  for  Hurricane 

AS  ■  2,1  feet  for  Hurricane 

Whence  the  maximum  surge  elevation  above  predicted  astronomical  tide 
for  Washington  will  be  ,  , 

S  »  10,6  +  1,9  “  12,5  feet  for  Hurricane  ”A** 

and 

S  =  11,5  +  2,1  “  13,6  feet  for  Hurricane 

It  is  seen  that  the  above  values  are  about  a  foot  below  those  pre¬ 

dicted  from  the  solid  curve  of  Figure  17,  However,  if  maximum  winds 
75  mph  and  80  moh  were  used  for  Hurricanes  ’*A”  and  “B”,  respectively, 
then  the  maximum  surge  elevations  above  would  be  increased  an  additional 
foot. 


It  is  believed,  in  addition  to  the  accuracy  of  +  0,b  foot  at  the 
mouth  of  Potomac  River,  that  the  accuracy  up  Potomac  River  is  on  the 
order  of  +  0,5  foot,  say  +  0.6  foot. 

Finally,  the  maximum  surge  elevations  for  the  Washington  area  are 
reasonably  given  as  follows: 

S  »  13*6+1,0  feet  for  Hurricane  ”A" 

S  »  lii,8  +  1,0  feet  for  Hurricane 

Surge  Prediction  for  Baltimore  Area,  The  maximum  surge  height  for 
the  Baltimore  area  is  eaual  to  that  just  inside  the  mouth  of  Patapsco 
River  plus  the  additional  rise  due  to  wind  stress  up  the  river, ,  The 
mean  water  depth,  excluding  surge  height,  is  18  feet,  the  fetch  length 


from  just  inside  the  mouth  of  Pa t apse o  River  to  Baltimore  is  about  10 
nautical  miles,  ,  the  wind  speed  (HUR  7-26)  is  70  moh  for  Hurricane 
and  75^  mph  for  Hurricane 

Surge  heights  at  the  mouth  of  Patapsco  River  computed  in  the  earlier 
section  were  S*9,li  +  0*li  feet  for  Hurricane  ’’A”  and  10.2  feet  for  Hurri« 
cane  **B»,  corresponding  to  d^  =  27. ^  feet  and  28.2  feet,  respectively. 
Using  equation  17  the  additional  set “Up  for  Baltimore  becomes 

AS  a  2.1  feet  for  Hurricane  "A" 

and 

AS  »  2*3  feet  for  HuTTica:ne 
Thus,  the  maximum  surge  at  Baltimore  is 

S  a  +  2,1  a  11.5  +  1.0  feet  for  Hurricane  "A" 

and 

S  »  10.2  +  2,3  *  12*5  i  1.0  feet  for  Hurricane  ^*B'^ 

The  limits  of  +^1.0  foot  for  the  surge  elevations  are  considered 
reasonable,  in  view  of  the  various  steps  required  to  bring  the  surge  all 
the  way  from  the  open  coast,  through  the  entrance  of  Chesapeake  Bay  up 
that  bay,  thence  up  Patapsco  River  to  Baltimore. 

General  Comments. .  It  is  believed  that  the  surge  heights  computed 
for  Hurricane  "A’^  are  reasonable  and  conp arable  to  those  which  might  be 
associated  with  a  design  or  standard  project  hurricane  and  those  for 
Hurricane  *'B'»  are  maximum  probable  surges.  However,  for  the  Norfolk  area, 
it  is  questionable  whether  the  hurricane  or  the  northeaster  will  be 
critical.  If  the  standard  project  northeaster  is  about  10  percent  greater 
in  intensity  than  that  given  in  item  3 #  above,  then  one  should  expect  a 
surge  height  of  about  12.0  +  1.0  feet  for  the  Norfolk  area. 
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V  SUMMARY 


Summary  of  Surge  Computations  for  Hurricane  "A”  and  Hurricane 
Hurricane  **A»'  is  the  same  as"  the  September  ikT  19^^,  Cape  Hatteras  Hurri¬ 
cane  transposed  to  the  Chesapeake  Bay  area  to  oroduce  maximum  surge 
entering  that  bay  and  propagating  to  the  various  points  of  interest  (see 
HUH  7-20)*  Hurricane  is  exactly  the  same  in  all  respects  as  Hurricane 
except  that  all  wind  speeds  are  increased  by  5  mph.  Table  VII 
summarizes  the  computed  surge  elevations*  The  stress  parameter  used  was 
k  «  3.0  X  10-^. 

TABLE  VII 

SUMMARY  OF  SURGE  PREDICTIONS  FOR 
HURRICANE  »»A‘'  AND  HURRICANE 


Surge  Elevations 

in  Feet  Above 

Predicted  Astronomical  Tide 

Location 

Hurricane  *^A** 

Hurricane  "B” 

Open  Coast 

n.i 

12.2 

Hampton  Roads,  Virginia 

10.8  +  0.1» 

11.7  +  O.k 

Mouth  of  York  River 

10.3  +  o.li 

11.3  +  O.k 

'rtouth  of  Rappahannock  River 

9.9  +  O.k 

10.7  +  O.k 

Mouth  of  Potomac  River 

■  9.1  +  O.k  10.0  +  O.k 

Mouth  of  Severn  River 

8.3  +  O.k 

9.1  +  O.k 

Mouth  of  Pat ap SCO  River 

9.k  +  O.k 

10.2  +  O.k 

Norfolk,  Virginia  \ 

8.3  to  11.1  +  O.k 

9.0  to  12.2  +  O.k 

Washington,  D,  C, 

13.6  +  1.0 

Ik. 8  +  1.0 

Baltimore,  Maryland 

11.?  +  1.0 

12.5  +  1.0 

Surge  Computations  for  Norfolk^  Virginia  for  Standard  Project  Hurricane* 
Isovels  for  the  standard  project  hurricane  for  Norfolk,  Virginia  are  given 
in  HUR  T-UU.  The  maximum  surge,  due  to  wind  blowing  down  Chesa^jeake  Bay 
from  the  north,  was  computed  to  be  10.0  ^  1,0  feet  for  the  standard  pro¬ 
ject  hurricane, 

Surge  Computations  for  Norfolk,  Virginia  for  the  April  11  -  12,  19^6 
Northeaster  Adjusted  for  Maximum  Surge  Generationo  Isovels  for  the  above 
storm  are  given  in  HUR  y-ii-lj  and  the  maximum  surge  computed  from  the  north 
is  equal  to  10.0  +  1,0  feet. 
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APPENDIX  A 


The  general  solution  of  a  cubic  equation  can  be  found  in  most  hand¬ 
books  on  engineering,  mathematics  or  physics*  Reference  (^)  is  used  in 
the  following  material. 

The  solution  to. a  cubic  equation,  which  has  one  real  root  and  two 
conjugate  imaginary  roots  is  given  below. 

Consider  equation  8,  which  was  given  as  follows: 


(Ah)’  +  2(25  +  h|)  (Ah)’+  (25  +h|)’  Ah  -  ^  =0  I-I 


The  above  equation  has  the  form 


aX^  +  3bX^  +  3cX  +  d  =  0 


1-2 


where 


and 


a  w 

b  = 
c  = 

d  = 

X  * 


1 

2/3  (2^  +  hi) 
1/3  (2^  +  hi)2 

.{M\^  )0~^ 
98g 
Ah 


Wow  let  X  =  (y  “  b),  whence 


1-3 


I-U 


+  py  +  q  =  0 
p  =  3  (  oc  -  b^) 


q  =  a^d  -  3abc  +  2b^ 


1-6 


Substituting  the  relations  for  a,  b,  c,  and  d  into  eouation  1-6,  one 
obtains 


P  =  -  (25  +  h, 

q  =  -  -^  (  25  +  h,  )’ 


AV  ,  2  I0~° 

Ate  '  98g 


1-7 


A-l 


Now 


D  =  (  -^)’  +  I-O 

Substituting  equations  1-7  into  1-8,  one  obtains 

P  °  [  T  <  ^  +  <25  +  h|)  ^  flV  2  10-8  1-9 

^  3  'ate'  49g 

From  equations  1-7  and  1-9,  it  is  seen  that 

p  <  0 

q  <  0  I-IO 

D  >  0 

For  the  conditions  given  by  I-IO,  it  can  be  found  in  reference  (h) 
that  there  is  only  one  real  root  and  that  the  solution  is  given  by 

cosh  6  =  -  (  -^  ) 

y  =  2  cosh  -y 

Thus 

Ah  =  -|-  (25  +  h,  )  [  cosh  ^ 

cosh  0  =  [  I  +  (  1^)2  ^  ( 

6  =  in  [  Z  +  V  2^  - 1  ] 

The  procedure  for  solution  entails  that  AV/At,  G,  and  hi  are  given 
and  7.  is  computed.  Then  coir^^ute  Q  ,  and  finally  compute  Ah  and  it 
follows 


I-ll 


where 


^  ^  I- 


25  +  h 


12 


ho  =  h,  +  Ah 


1-12 


A-2 


G  i  2  4  2  2 


REMEMBER,  hurricanes  arc  iargo  powerful  storrrts  tirat  can  suddenly  clranyo  ditoctidri. 
Chock  trcquonlly  Cr\  iho  storrv.'s  progress  until  all  Watches  and  Warnirigs  far  your  area 
(rorri  the  Nsi'onnrWeuthftr  Service  ere  cancolcU. 

HURSICANE  Vv^ATCH  ;  htrrricone  may  threaten  w llh in  3 ^ ours 

oL3e  prepari.-d  to  take  action  if  a  v/cmitig  is  issutjd 
by  the  IXifitional  Wealtier  Service. 

®  Keep  informod  of  the  storm's  progress 
HURRSCAI'IE  WARWiWG  .  hurricane  expected  to  strike  within  2r1-  hours 
'  O  Leave  beacfifront  and  fuvv-iying  fireas 
a  Leave  mobile  homes  for  more  substantial  shelter 
o  Stay  in  yctir  home  if  it  is  sturdy,  on  high  ground, 
at’.d  not  near  the  beach’,  but  if  you  are  aekori  to 
fi'javu  by  autfrorities,  Guf 
0  Stay  tuned  to  radio,  fuCAA  Weather  Radio,  or 
television  for  Initricone  advisories  and  safety 
irrfciiT'.atirrn, 
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